The primary objectives of this study were to determine whether a delay in the onset of the luteal phase, or high milk urea nitrogen at breeding, or both were associated with failure of pregnancy early in gestation. Milk samples were collected twice daily from cows in a single herd during the week following breeding; single samples were collected on d 14 and 21 postbreeding. Progesterone was measured in all samples, and a total of 156 sample sets was used. The progesterone data combined with results from pregnancy examinations were used to distribute the cows into three groups: 1 ) pregnant, 2 ) nonpregnant with a low concentration (<2 ng/ml) of progesterone on d 21, and 3 ) nonpregnant with a high concentration ( ≥2 ng/ml) of progesterone on d 21.
INTRODUCTION
As the size of dairy herds increases, more intensive management systems are needed to maximize milk production, and overall herd fertility often decreases. In New York dairies, conception rates after first service have declined from 66% in 1951 to 40% in 1995, and milk production has doubled during the same period (4, 5) . Most pregnancy losses occur during the first 30 d postbreeding and are due to a variety of causes [reviews (1, 31) ].
The role of progesterone in pregnancy maintenance is undisputed; however, the possible role of progesterone around the time of maternal recognition of pregnancy is not as apparent (23) . Some studies have indicated that peripheral concentrations of progesterone are higher in pregnant cows than in nonpregnant cows as early as d 4 ( 3 ) or d 6 (9, 22) postbreeding or that low concentrations of progesterone during the 1st wk after breeding are associated with abnormal embryonic development (17) . Other researchers have reported no differences in peripheral concentrations of progesterone that are related to pregnancy status until d 10 ( 1 6 ) or d 13 ( 2 ) . Many of these studies, however, either used limited numbers of cattle or failed to follow individual animals throughout the onset of the luteal phase. We hypothesized that variation among cattle in the establishment of luteal function might be appreciable and that individuals with delayed onset of luteal function would be less likely to become pregnant or to maintain pregnancy.
Another factor that has been recently implicated in the subfertility of dairy cows is excessive circulating concentrations of urea; values for urea nitrogen measured in plasma and milk are comparable ( 3 ) . High circulating concentrations of urea nitrogen are usually caused by dietary protein, especially highly degradable protein, in excess of the nutritional requirements of the animal. Concentrations of blood urea nitrogen >19 or >20 mg/dl are associated with decreased pregnancy rates of lactating cows and heif-Journal of Dairy Science Vol. 80, No. 7, 1997 ers (3, 10, 11) . Results of other studies (7, 8 ) have indicated that increased plasma urea nitrogen is associated with lower conception rates and decreased uterine pH for several days after estrus.
The objectives of this study were 1 ) to determine whether peripheral concentrations of progesterone differed between pregnant and nonpregnant cows during the 1st wk after breeding, 2 ) to investigate further the contribution of increased milk urea nitrogen ( MUN) to subfertility, and 3 ) to determine factors other than circulating progesterone concentrations that might influence pregnancy outcome or bias the statistical calculations.
MATERIALS AND METHODS

Cows
All cows were grade Holsteins in a dairy herd that had a rolling herd average milk production of 11,000 kg of milk/yr per cow. The cows were housed at the Teaching and Research Center, Department of Animal Science, Cornell University (Ithaca, NY). No aspect of herd management was changed for the purpose of the study; most cows were housed in free-stall pens, and all were fed a TMR that was based on corn silage. All lactating cows that were presented for breeding during the first 3 d of each week (to take advantage of the estrous synchronization schedule) from January to July were used in the study; the only exclusions were cows that were in use in other experiments that might have compromised fertility. Information was obtained for a total of 228 breedings of 162 cows; 34 cows were sampled twice, and 14 cows were sampled three times. When the cows were assigned to the study, the following information was recorded: body condition score at breeding, lactation number, number of times bred during the current lactation, DIM, mean daily milk production, number of times milked per day, time of day bred (a.m. or p.m.), whether estrus had been synchronized by use of PGF 2a , and whether the cow was being bred at a fixed time (80 h after PGF 2a administration) without observation of estrus. This information would be potentially useful to account for part of the random variation in the planned analyses of variance.
Study Design
For 7 d, starting on the day of insemination, milk samples were collected twice daily from all cows that were assigned to the study. One sample was collected on d 14 and 21 ( ±1 d ) postbreeding to verify luteal function and to evaluate accurately cows that had returned to estrus. At approximately 7 wk postbreeding, if the cow had not returned to estrus, she was palpated rectally by the herd veterinarian to determine pregnancy status. After all analyses were completed, the data file was sorted to remove sample sets that exhibited any of the following characteristics: 1 ) progesterone concentrations >1 ng/ml on day of breeding (regarded as misbred, n = 33), 2 ) no increase in progesterone noted throughout the sampling period (cystic or anestrous, n = 11), 3 ) missing >6 samples ( n = 6), 4 ) grossly erratic patterns of progesterone concentrations (likely caused by a sampling error, n = 15), 5 ) culled before pregnancy evaluation ( n = 1), or 6 ) rebred <21 d after entering the study (based on the assumption that the second breeding might have interfered with a conceptus that was present from the initial breeding, n = 6). A total of 156 sample sets were retained and used in the final analysis.
Sample Collection and Processing
Milkers collected 5-to 10-ml premilking strip samples from one quarter of each cow. Samples were refrigerated after collection, and milk fat was allowed to separate. Within 2 d of collection, cream was aspirated from the sample. Samples were centrifuged for 10 min at 100 × g, reaspirated to eliminate milk fat, and stored at -20°C. Samples were sorted into complete sets from each breeding so that each sample set was analyzed for progesterone concentration in the same radioimmunoassay. All samples of skim milk were analyzed for progesterone content, and samples from the day of breeding were also analyzed for MUN.
Radioimmunoassay
A double-antibody radioimmunoassay adapted from the methodology described by Nara and First ( 1 9 ) was used to measure concentrations of progesterone in skim milk. A 100-ml aliquot of sample or standard was diluted with 400 ml of PBS containing 0.1% (wt/vol) gelatin. Progesterone labeled with 125 I (ICN Biomedicals Inc., Costa Mesa, CA) was also diluted in PBS containing 0.1% (wt/vol) gelatin, and 20,000 cpm were added. Standards were assembled in 0.5% BSA in PBS at the following concentrations: 0.5, 1, 2, 4, 8, and 16 ng/ml. Progesterone antiserum [rabbit number 8; (24) ] was used at a final dilution of 1:80,000 (vol/vol) in 1:400 (vol/vol) normal rabbit serum in PBS containing 50 mM EDTA. Tubes were incubated at 37°C for 1 h and then at 4°C overnight. Ovine anti-rabbit gamma globulin (produced in-house) was added to all tubes to a final dilution of 1:125 (vol/vol). The tubes were then incubated at 4°C for an additional 48 h. Antibody-bound and unbound radioactivity was separated by the addition of 4 ml of PBS at 4°C, centrifugation for 30 min at 1000 × g, decanting, and draining. Antibody-bound radioactivity was quantified in a gamma spectrometer. Under the conditions described, 25 to 35% of 125 I-labeled progesterone was bound by antibody in the absence of standard or unknown ligand ( B 0 ) . Standard concentrations of progesterone (0.5 to 16 ng/ml) generated linear logit-log standard curves ( r 2 = 97%) with 75% (0.5 ng/ml) to 22% (16 ng/ml) binding, using B 0 as the reference. Either 0.5% BSA in PBS or solvent-extracted skim milk could be used as the diluent. Nonspecific binding of radioactivity (no antiprogesterone) in the presence of skim milk rarely exceeded twice the background of the gamma spectrometer.
Data were compared from matched plasma and milk samples taken from cows in estrus and from cows in the early and midluteal phases to verify that progesterone in skim milk accurately reflected the circulating concentrations of progesterone. Plasma samples were extracted and analyzed ( 1 9 ) and were compared with measurements in skim milk samples as described previously: plasma progesterone = 0.2 + 0.96 milk progesterone; r 2 = 76%.
Pools of milk with low and high progesterone contents were analyzed in all assays in the present study; coefficients of variation within and between assays were 17 and 13%, respectively. Recovery was measured by the addition of 100 or 200 pg of progesterone to aliquots of the pooled milk with low progesterone content, which resulted in 103% recovery of the added progesterone.
MUN Analysis
Analysis of MUN was performed as described by Butler et al. ( 3 ) . Aliquots of the milk samples taken on the day of breeding were centrifuged at 100 × g to remove gross particulate matter and then were analyzed by an automated diacetylmonoxamine method (Technicon industrial method 339-01; Technicon Industries, Tarrytown, NY). A few samples ( n = 7 ) were not analyzed because the volume was insufficient to conduct both progesterone and MUN analyses.
Statistical Analysis
Analysis of variance for repeated measures was used to assess differences in concentrations of progesterone over time as related to pregnancy status. The model for the analysis of variance for repeated measures was Y ijkm = m + a i + b j + t k( i) + ( ab) ij + e m( ijk) , where Y ijkm = progesterone concentration; m = overall mean, a i = fixed effects of pregnancy status i, b j = fixed effects of sampling day j, t k( i) = random effects of cow k nested within pregnancy status i, ( ab) ij = effects of interaction of fixed pregnancy status i and sampling day j, and e m( ijk) = random error terms. As expected, the interaction of sampling day and pregnancy status was highly significant, and Fisher's protected least significant difference post hoc test was used to assess differences between means for pregnancy status groups on individual days. On the basis of all available information, cows were categorized into three groups: 1 ) pregnant (confirmed by palpation), 2 ) nonpregnant and with <2 ng/ml of milk progesterone at d 21 postbreeding ( NPL) (some, but not all, of these cows were observed in estrus around d 21), and 3 ) nonpregnant and with ≥2 ng/ml of progesterone on d 21 postbreeding ( NPH) . Interestrous intervals for the NPL and NPH groups were calculated based on the dates that cows were rebred after entering the study initially; means were compared using a t test. Time of onset of the luteal phase was calculated for individual cows. Mean periestrus concentrations of progesterone and the associated standard deviation were calculated for the first three samples collected from each cow. The onset of the luteal phase was defined as the time that the concentration of progesterone persistently exceeded two standard deviations above the periestrus concentrations (Figure 1 ). Mean days until the onset of the luteal phase and MUN concentration at breeding were calculated for each pregnancy status Within each MUN range, the number of cows in the NPH group was divided by the total number of NPH cows; the same calculations were performed for the NPL group (Table 1) . To determine the likelihood that cows would have extended cycles in each MUN category, the proportion of NPH cows was divided by the proportion of NPL cows (Table 1) ; the reverse calculation was performed to determine the likelihood that cows would be in estrus on d 21 (Table 1) .
Management factors (e.g., body condition score and lactation number), including MUN, were examined as potential, very simple predictors of pregnancy outcome using logistic regression analysis, including a forward stepwise procedure to select variables for the outcomes of pregnant or nonpregnant. Logistic regression analysis was selected rather than multiple linear regression because of the binomial nature of the dependent variable (pregnant vs. nonpregnant); variable selection was determined based on maximum likelihood estimates. A second logistic procedure as- 
RESULTS
Of the 156 breedings that satisfied all criteria for retention in the analyses, 82 (52.6%) cows were determined to be pregnant by the 7th wk. After examination of the progesterone data obtained at d 21 ( ± 1 d ) from cows that failed to become pregnant, open cows could be assigned to either of two subcategories. One group of cows (32 breedings, 20.5%) had low progesterone concentrations on d 21 and was assumed to be close to estrus (NPL); the remaining 42 breedings resulted in elevated concentrations of progesterone on d 21 ( ≥2 ng/ml), but the pregnancy was terminated before the examination for pregnancy status at 40 to 50 d (NPH); some, but not all, of the NPH cows were observed in estrus. Figure 2 shows changes in concentrations of milk progesterone after breeding for the three groups of cows. Because of the substantial data file, the error mean square from the analysis of variance (0.8627; 2295 df) estimated a standard error for the analysis of just 0.06. Nonpregnant cows were partitioned post hoc as explained previously; tests of differences between means were adjusted appropriately. Progesterone concentrations were distributed normally around Table 2 . The interestrus interval, when it could be determined, was significantly longer for NPH cows than for NPL cows. The time of onset of the luteal function, calculated as described previously, was delayed ( P < 0.05) in NPH cows versus pregnant cows (3.99 vs. 3.27 d; Table 2 ). Time of onset (3.71 d ) was intermediate for NPL cows and was not significantly different from that of the other groups. The NPL cows had higher ( P = 0.09) MUN concentrations than did both the pregnant and NPH cows. The MUN concentrations of pregnant and NPH cows did not differ.
Likelihood ratios for open cows that had extended cycles or that had returned to estrus on d 21 according to the ranges of MUN are shown in Table 1 . Open cows were more likely to have had extended cycles if MUN concentrations at breeding were <21 mg/dl, but cows with MUN concentrations >21 mg/dl were more likely to return to estrus on d 21.
Variables that were identified by logistic regression analyses as the best predictors of pregnancy status are shown in Table 3 . The first analysis indicated that, as lactation number and MUN values increased, cows were marginally less likely to become pregnant. For breedings that did not result in pregnancy, the second analysis found that higher MUN concentrations were associated with NPL cows, which is consistent with the ratios presented in Table 1 . Some association was found between higher milk production or cows bred in the p.m. and the NPH cows (Table 3) . No other management variables were identified by these analyses to be useful predictors of breeding outcome.
DISCUSSION
Data from this study support the hypothesis that the timing of the onset of the luteal phase can affect pregnancy outcome in lactating dairy cows. Cows that were confirmed to be pregnant had the earliest onset of the luteal phase and had consistently higher peripheral concentrations of progesterone than did NPH cows by 4.5 d. These findings are consistent with those from other studies of this period of pregnancy (3, 22) , including one study ( 1 7 ) in which normal embryonic development was associated with higher progesterone. Compared with cows that failed to maintain pregnancy, pregnant cows had higher concentrations of progesterone, which might have been because their corpora lutea produced progesterone earlier, thus promoting embryonic development. Alternatively, the presence of healthy embryos might have had luteotrophic effects, causing the earlier increase in progesterone of the pregnant cows. Other studies (2, 16) have failed to expose differences in peripheral progesterone as early after breeding as was shown here, but those studies used fewer cows with less frequent sampling, or they failed to follow individual cows throughout the complete sampling period. Significant differences in mean concentrations of milk progesterone among the pregnancy outcome groups were apparent during the 1st wk after breeding in the present study, which was partially reflecting the power of the statistical model ( r 2 = 73%) to reduce residual variance. Measurements of progesterone in individual cows around d 6 were, however, of little use in predicting pregnancy; the distribution of pregnancy rates within quartiles of the progesterone concentration data for given samplings failed to show consistent trends (data not shown).
The population of NPH cows was interesting in both physiological and economic terms. The mean concentration of progesterone on d 21 (4.5 ng/ml) was more likely to have been due to the concurrent or earlier presence of an embryo than to the failure of conception and an estrous cycle that was coincidentally longer than normal. This hypothesis was further supported by the much longer interestrus interval of NPH cows than that of NPL cows. Concentrations of MUN were similar for both the pregnant and NPH groups; both were lower ( P = 0.09) than the MUN concentrations of NPL cows. Cows in the NPH group exhibited a statistically significant delay in the onset of the luteal phase and lower concentrations of progesterone starting 4.5 d after insemination than did the pregnant cows. This result suggested that the suboptimal concentrations of progesterone of the NPH cows may have compromised the early development of the embryo; thus, even though maternal recognition of pregnancy occurred and luteal function was prolonged, the pregnancy could not be maintained. The NPH group represented 26.9% of the cows in the present study; assuming this represents embryonic loss between ∼d 16 and d 35, the rate of loss during this period is higher than that suggested by early studies that investigated the timing of embryonic loss in dairy cows [reviews (1, 31) ]. In the present study, embryonic loss could be a reflection of the metabolic demands of high milk production, based on the demonstrated association of higher milk production of cows in the NPH group.
Onset of the luteal phase, which was derived according to statistical comparison with periestrus concentrations of progesterone, occurred when milk progesterone concentrations were approximately 1 ng/ ml or 3.2 nM. The dissociation constant of the bovine progesterone receptor has been reported to range from 1.2 nM ( 1 8 ) to 1.7 nM (26) . Because the concentration of circulating progesterone at the derived onset time exceeded the dissociation constant of the receptors, the onset times derived using this method were probably physiologically meaningful. The mean time for pregnant cows to initiate luteal function (3.27 d after breeding) approximates the time of transport of the embryo from the oviduct to the uterus (25) , an event that is linked to an early influence of progesterone on the musculature of the isthmus ( 6 ) . Whether the delay in onset of the luteal phase to 3.99 d results in similar delay in embryo transport and whether this process has deleterious consequences for timely embryonic development remain to be determined. The need for synchrony between the uterus and early embryo, particularly for embryo transfer, is well documented in several species (21, 30) , and experiments that have demonstrated the ability of progesterone to advance the stage of development of the uterus (13, 14) confirm the role of progesterone in affecting uterine and embryo synchrony. The effect of asynchronous embryo transfers on embryonic development has been well documented for sheep and cattle. Delayed development occurs when the uterus is less advanced than the embryo (15) , and accelerated development occurs when the uterus is more advanced than the embryo (12, 15, 28, 29) . We postulate that an embryo, delayed in its development but otherwise normal, might be capable of signaling its presence to the dam, thereby prolonging luteal function, but, if the embryo fails to signal with sufficient vigor, maintenance of the pregnancy might not be ensured.
Nonpregnant cows that have extended cycles have a longer interval before rebreeding, which is an economic concern. Consequently, the number of days open in the lactation is increased, which would likely lead to a longer than desired calving interval, thereby decreasing the profitability of the milking operation.
This result would be of particular significance for the herd used in this study because 60% of the open cows were in the NPH category.
Data from the MUN analysis were included in a review by Butler et al. ( 3 ) , which indicated that MUN at a concentration >19 mg/dl was associated with decreased pregnancy rates, in agreement with results from other studies (10, 11) . Making a distinction between NPL and NPH cows based on progesterone concentrations on d 21 in this study yielded information (not previously reported) about MUN on the day of breeding. Based on the logistic regression analyses, higher MUN was associated with decreased fertility, and open cows with higher MUN were more often identified in the NPL category. The observations regarding open cows were consistent with the likelihood ratios presented in Table 1 ; cows that failed to become pregnant and had MUN concentrations >21 mg/dl were much more likely to be included in the NPL category. The NPL cows also had higher ( P = 0.09) mean MUN concentrations than did the pregnant or NPH cows. Elrod et al. ( 8 ) reported that increased blood urea nitrogen decreased uterine pH several days after breeding, which could make the uterine environment more hostile to the early embryo. Wiebold ( 2 7 ) reported that uterine flushings from cows with abnormal embryos had higher concentrations of glucose, total protein, and several minerals than did flushings from cows with normal embryos. The similar mean MUN concentrations for pregnant and NPH cows supported the suggestion that the NPH cows did have an embryo present at some stage that was able to prolong the luteal function because lower MUN should be an indication that the uterine environment was more conducive to early embryonic development. Therefore, high MUN concentrations at breeding may cause fertilization failure or very early embryonic losses prior to maternal recognition of pregnancy.
The only management factors that were identified as predictors of overall fertility were higher MUN concentration and lactation number; both were negatively related to fertility. The r 2 values indicated that these factors were not very strong predictors, but most did corroborate observations from other studies. The apparent association between p.m. breeding and cows that had extended cycles was unexpected. These results were not likely to have been caused by the fixed breeding time of cows or by the p.m. breeding of most cows that had been synchronized with PGF 2a because neither timed breeding nor PGF 2a synchronization was selected as a predictor in either analysis. Additionally, pregnancy rates were nearly identical for the cows that were bred at a fixed time and for cows that were bred based on behavior indicating estrus. The association of p.m. breeding with the NPH group may be explained by slightly mistimed breeding. In mistimed breeding, either the oocyte or sperm become aged to the point that fertilization and early embryonic development can occur, but pregnancy is not maintained successfully. The timing of breeding in this study was probably suboptimal, because nearly 80% of the cows were bred in the p.m. Cows that produced more milk were more likely to have been in the NPH group, which could again have a negative economic impact on the dairy operation.
CONCLUSIONS
This study clearly supports the hypothesis that a delay in the onset of the luteal phase could be associated with decreased fertility of lactating dairy cows. The delay was most prevalent in cows with apparently extended cycles (NPH); these cows were presumed to have initiated pregnancy but subsequently failed to maintain the embryo. A delay in the onset of the luteal phase could be a consequence of high milk production, which was associated with NPH cows, and these cows had the longest time until the onset of the luteal phase. The use of progesterone data to establish the three pregnancy status groups also elicited new information regarding the role of increased circulating urea nitrogen and its association with suboptimal fertility in dairy cows; MUN concentrations >21 mg/dl were associated with a recycling pattern in which cows were detected in estrus at 21 d following breeding. This pattern might have occurred because of a disruption in the oviductal or uterine environment, rendering it inhospitable to the early embryo. The prolongation of luteal function in NPH cows might have been the result of a naturally occurring uterine and embryo asynchrony caused by a delay in the onset of the luteal phase.
